The classical mouse mutation brachyury ("short tail"), first described in 1927 , is located in the T/t region of proximal mouse Chromosome (Chr) 17. Heterozygotes for null alleles of brachyury have short tails and mild skeletal defects due to haploinsufficiency. Homozygous null mice have a severe developmental disorder that includes defective mesoderm formation and regression of the notochord, and they do not survive beyond El0. Seventy years of work on the short tail mouse has resulted in isolation of an important family of transcriptional regulators of early development, as well as the recent identification of the genes responsible for two complex human developmental disorders: the Holt-Oram syndrome of cardiac and limb defects, and the ulnar-mammary syndrome affecting limb, tooth, and genital development. mapped to three different mouse chromosomes. Each gene had a unique temporal and spatial pattem of expression in midgestation embryos, suggesting divergent roles in development. At least five more T-box genes are also present in the mouse genome (Bollag et al. 1994; Bulfone et al. 1995) . In lower vertebrates, homologs of brachyury, such as the Xenopus gene Xbra and the zebrafish gene no tail (ntl) are widely used as markers for cells of the development notochord. How ancient is the T-box gene family? Agulnik and associates (1995) identified a cluster of four T-box genes in the genome of C. elegans by cDNA library screening and analysis of genomic DNA sequence. Phylogenetic analysis predicted the existence of at least three T-box genes in the early metazoan ancestor of nematodes and vertebrates.
Cloning of brachyury and characterization of transcriptional activation
The isolation of the brachyury gene was a landmark accomplishment, the first successful identification of a mouse mutant gene by pure positional cloning (Herrmann et al. 1990 ). The strategy included microdissection of metaphase chromosomes to obtain probes for screening chromosome jumping libraries. Hybridization screening of an E8.5 embryonic cDNA library with a cosmid clone identified a cDNA that was located within the interval missing in a deletion allele of T. The T transcript was exclusively expressed in early mesoderm and the notochord, with an open reading frame of 436 codons encoding a protein of predicted molecular weight of approximately 44 kDa. The sequence of brachyury did not match anything in the databases until the Drosophila optomotor-blind gene was cloned. The two genes share a conserved domain of roughly 200 amino acids that has DNA binding activity (Pflugfelder et al. 1992 ). The T protein binds a 24 bp palindromic element (AATTTC ACACCT AGGTGT GAAATT) and regulates transcription through two pairs of activation and repression domains (Kispert et al. 1995) . Downstream regulated genes remain to be identified.
An evolutionarily conserved family of transcription factors, the T-box genes
The human ortholog of T was mapped to the conserved linkage group on Chr 6q27 that corresponds to proximal mouse Chr 17 (Edwards et al. 1996) . What was more surprising was the discovery of a family of related genes with conserved DNA binding domains but divergence of the remaining protein sequence. The first three family members were identified in mouse genomic DNA by degenerate PCR, using primers corresponding to conserved sequences in brachyury and optomotor-blind (Bollag et al. t994 ). The conserved domain present in all of the genes was designated the T-box, and the three new genes, Tbxl, Tbx2, and Tbx3, were
Mutations in human TBX3 and TBX5 are associated with developmental defects
The medical pay-off from basic research on the T-box genes came earlier this year with the association of two inherited developmental disorders with closely linked human T-box genes on Chr 12q24 (Li et al. 1997; Basson et al. 1997; Bamshad et al. 1997) . The autosomal dominant Holt-Oram syndrome (MIM 142900) with cardiac and distal limb defects had been mapped to Chr 12q2 by linkage analysis. Exon amplification of cosmid clones from the target region generated three exons that proved to be derived from two T-box genes separated by less than 300 kb of genomic DNA (Li et al. 1997) . The genes were identified as TBX3 and TBX5 by their sequence similarity to the corresponding mouse genes. Mutations in TBX5 were identified in Holt-Oram patients by SSCP screening and sequencing of the PCR products. Six distinct truncating mutations were discovered, three in families and three in sporadic cases. Expression of TBX5 in developing heart was detected in human embryos between 26 and 52 days of gestation, consistent with the cardiac defects in Holt-Oram patients. Variable phenotypes were observed in patients with identical mutations. Independently, Basson and colleagues (1997) carried out exon amplification from a P1 clone contig of the Holt-Oram gene region and obtained exons that matched T-box genes in the sequence databases. A contig of the TBX5 cDNA was generated, and patients were screened for mutations by sequencing exons amplified from genomic DNA. Two mutations that co-segregated with the syndrome were detected, a nonsense mutation and an Arg to Gln substitution in a conserved Arg residue. Haploinsufficiency of TBX5 seems to account for many of the abnormalities in human patients.
The ulnar-mammary syndrome (M1M 181450) is an autosomal dominant disorder characterized by malformation of upper limb structures and teeth, apocrine/mammary hypoplasia, and genital anomalies, with highly variable clinical expression. The pleoitropic features suggested that the responsible gene product medi-ated epithelial-mesodermal interactions. This syndrome had previously been mapped to 12q2 in a large Utah kindred, a position close to the Holt-Oram syndrome. B amshad and coworkers (1997) determined the intron/exon structure of human TBX3 and amplified each exon by PCR of genomic DNA from three unrelated individuals. Sequencing of the exons identified two mutations, one resulting in a truncated protein with only 86 amino acids, and the other causing aberrant splicing of the T-box domain.
Three interesting features of these newly recognized T-box disorders are haploinsufficiency, variability among affected individuals with the same mutation, and pleiotropic effects on multiple organ systems. Like the Hox and Pax transcription factors, the T-box genes have duplicated, diverged, and acquired multiple developmental roles. The other 10-20 human T-box genes will certainly be scrutinized in the future as candidates for developmental disorders. The stage is also set for analysis of interacting upstream and downstream partners of the T-box proteins, and further progress towards elucidation of the molecular circuits controlling mammalian development. All from a short-tailed mouse!
